Rapamycin has long been considered an immunosuppressive agent due to its anti-proliferative effects on immune cells, and is currently used as a component of anti-rejection regimens in transplantation. Despite the large number of mechanistic and clinical studies investigating the impact of rapamycin on cell-mediated immunity, several paradoxes concerning rapamycin immunobiology remain. In particular, emerging evidence suggests that under certain circumstances rapamycin can exert immunostimulatory effects, boosting T cell responses in the face of pathogen infections and vaccines. Here, we review recent findings concerning the contradictory outcomes of rapamycin induced mTOR inhibition on CD4 + and CD8 + T cell responses in transplantation and protective immunity. These studies suggest that the conditions under which T cells are stimulated can profoundly modify the impact of rapamycin on antigenspecific T cell responses. Thus, further investigation into the cellular and molecular pathways underlying the dichotomous effects of rapamycin in transplantation is required to harness the full potential of this immunomodulatory agent to promote graft survival and maximize protective immunity.
immunosuppression; pathogen; T cell differentiation; dendritic cell maturation; fatty acid metabolism; survival In the early 1970's on Easter Island, the compound now known as rapamycin was isolated from Streptomyces hygroscopicus and subsequently found to potently inhibit cell proliferation (1) . In the 40 years since its discovery, rapamycin has been shown to have myriad effects on many different cell types in mammals. It is now known that rapamycin mediates these effects by forming a complex with FK506-binding protein 12 (FKBP-12), which binds to and inactivates mammalian target of rapamycin (mTOR) ( Figure 1A ) (1) . mTOR is a serine/threonine protein kinase which is widely expressed among many cell types, and is an important component of several intracellular signaling pathways in naïve, effector, and regulatory T cells, involving the PI3K/Akt pathway ( Figure 1A ) (2) . While great strides have been made in the last few years to understand the impact of rapamycin on T cell metabolism, differentiation, and lineage commitment, our current understanding of the effects of rapamycin on T cell biology is encumbered by an unusually high number of paradoxical effects, the mechanisms underlying most of which have yet to be elucidated.
Rapamycin as an immunosuppressant: what we thought we knew
Rapamycin has long been appreciated as an inhibitor of cell growth, shown to differentially affect the different mTOR complexes (1) . Inhibition of the mTOR complex further mediates immunosuppressive function through an anti-proliferative effect and by attenuating signaling through IL-2R and other cytokine receptors (the so-called signal three of T cell activation), thereby preventing full activation of the T cell (2) . Studies in human cells revealed that the impact of rapamycin on T cell proliferation was dependent on both the strength of signal through the TCR as well as the degree of costimulation provided, such that in the presence of strong TCR signals and high costimulation, rapamycin failed to inhibit proliferation (3). However, even in the presence of costimulation, inhibition of mTOR signaling with rapamycin has been shown to induce anergy in antigen-specific T cells (4) . More recent studies have demonstrated that the immunosuppressive properties of rapamycin are even broader, impacting the generation and expansion of regulatory T cells (T regs ) as well as the maturation and function of dendritic cells (DC) (both discussed further below) (2) . Despite these pluripotent immunosuppressive effects, rapamycin proved to be a relatively weak inhibitor of graft rejection when used as a monotherapy. For example, in experimental murine models of fully MHC disparate skin transplantation, rapamycin treatment resulted in a very modest prolongation of graft survival of only a few days (5) . Likewise, rapamycin (sirolimus) monotherapy is not often used in clinical transplantation; instead, rapamycin is frequently administered as part of multi-drug regimens (6) . Specifically, it can be used in combination with mycophenolate mofetil, often with favorable outcomes in terms of graft survival in transplant recipients (6) . In addition, rapamycin has been combined with lymphodepleting agents prior to transplantation in order to prolong graft survival (7) . Studies designed to elucidate the mechanisms underlying the observed synergism between rapamycin and lymphocyte depletion revealed that the addition of rapamycin attenuated the generation of effector memory T cells (T EM ) and increased the relative proportion of T reg following depletional therapy, resulting in a more favorable T EM / T reg balance (5) . Thus, the immunosuppressive effects of rapamycin during transplantation are well-documented; however, the ubiquitous nature of its target, mTOR, makes it difficult to pinpoint the precise pathways involved in rapamycin's salutary effect following transplantation.
Impact of rapamycin on CD8 + T cell differentiation in response to pathogens
Given this history as an immunosuppressive and anti-proliferative agent, it came as a great surprise when investigators began to interrogate the impact of rapamycin monotherapy on antigen-specific T cell responses during the course of viral or bacterial infection. Clinical observations published over the last decade hinted at the idea that patients treated with rapamycin demonstrated better outcomes with regard to cytomegalovirus (CMV) disease and were better able to control CMV viremia than patients treated with standard calcineurin inhibitor-based immunosuppression following transplantation (8) . The authors of the study speculated that the underlying mechanism involved rapamycin-mediated attenuation of viral replication, as these viruses co-opt host machinery in order to replicate (8) demonstrated a paradoxical immunostimulatory effect of rapamycin on the CD8 + memory T cell response following pathogen infection (9, 10) . Administration of rapamycin during the priming phase was found to increase the number of virus-specific memory T cells in LCMV-infected animals. Furthermore, when rapamycin was administered only during the contraction phase of the response, the antigen-specific T cells did not increase in quantity, but rather increased in quality, acquiring a more central memory-like phenotype (CD62L hi KLRG-1 lo CD27 hi Bcl-2 hi ), and increased proliferative capacity upon rechallenge ( Figure  1 ). In a series of elegant RNAi knock-down experiments, the authors showed that this enhancement in the antigen-specific response was a T cell-intrinsic effect. These results were further corroborated in a rhesus macaque model in which animals receiving rapamycin exhibited increased recall responses and enhanced differentiation of memory T cells following vaccination with modified vaccinia Ankara ((9)(11)). Since both the macaque and murine studies involved non-replicative viruses (or virus-like particles), these data provide further evidence that the direct impact of mTOR inhibition on viral replication is likely not the mechanism by which viral load might be attenuated following treatment with rapamycin. Instead, unlike the previously described effects of mTOR inhibition on dendritic cells, T reg , or other immune compartments (2), both studies point to a direct effect of rapamycin on CD8 + T cells to enhance both the quantity and quality of memory T cell differentiation in response to pathogen exposure in vivo.
What is the mechanism underlying this effect? The explanation could be linked to the ability of rapamycin to enhance fatty acid oxidation (FAO) in responding T cells. Studies in other cell types, including smooth muscle cells and hepatocytes, have demonstrated that inhibition of mTOR with rapamycin results in increased FAO along with reduced glucose utilization (12, 13) . Importantly, the transition from glycolysis to FAO was recently shown to be critical for effector to memory transition in CD8 + T cells (10) . In particular, T cells lacking TRAF6 were shown to be deficient in their ability to undergo FAO following growth factor withdrawal, and also exhibited a reduced ability to differentiate into memory T cells. However, treatment with the diabetes drug metformin restored FAO and enhanced differentiation of memory T cells, both in TRAF6-deficient as well as wild-type T cells (10) . Similar results were observed in CD8 + T cells following treatment with rapamycin; thus, rapamycin may act on effector T cells to facilitate the metabolic switch from glycolysis to FAO, thereby enhancing memory T cell differentiation. Another possible mechanism by which rapamycin may augment the generation of T cell memory is by impacting the relative balance of expression of the transcription factors T-bet and Eomesodermin in CD8 + T cells (14) . Specifically, blocking mTOR through rapamycin decreases the expression of T-bet, which is highly expressed in effector T cells, and promotes expression of Eomesodermin, which is highly expressed in memory T cells. Taken together, these data suggest possible mechanism(s) underlying the immunostimulatory effects of rapamycin on pathogen-specific T cell responses, and imply that exposure to rapamycin may produce different outcomes depending on the cell cycle and metabolic state of a given cell or population.
Fundamental differences in the effect of rapamycin on graft versus pathogen specific T cells
Given these findings on the effects of rapamycin on pathogen-specific T cell responses, the question of whether rapamycin also augmented antigen-specific CD8 + T cell response during transplantation arose. Was this enhancing effect of rapamycin being masked by the presence of other immunosuppressants following transplantation? Or was there something fundamentally different about the way rapamycin affects T cells responding to cognate antigen in the context of a graft versus a pathogen?
To address these questions, a recent study from our group directly compared the impact of rapamycin on CD8 + T cells responding to a graft versus a pathogen, using a system in which the same epitope was presented to a monoclonal T cell population in both circumstances (15) . We observed that while treatment with rapamycin dramatically increased the antigenspecific CD8 + T cell response to the pathogen, the identical T cell population responding to antigen in the context of a graft failed to be enhanced in the presence of rapamycin ( Figure  1 ). As observed by Araki et al., antigen-specific T cells responding to the pathogen also exhibited enhanced quality, by increased expression of CD62L, which is associated with enhanced development into a central memory phenotype (9, 16) , while antigen-specific T cells responding to a graft failed to exhibit this change. These results suggested that the environment in which an antigen is presented alters the influence of rapamycin on antigenspecific T cell expansion, and highlight a fundamental difference between antigen presented by an infectious agent as compared to an allograft. What is not known is why or how mTOR inhibition through rapamycin treatment exerts such disparate effects on T cells responses. Interestingly, concomitant infection of skin graft recipients with a bacterial pathogen did not restore the enhancing effects of rapamycin on the graft-specific T cells, demonstrating that TLR-or other pathogen-associated inflammatory signals provided in trans were not sufficient to precipitate the rapamycin-induced augmentation (15) . These data suggested a principal difference in the way rapamycin impacts T cells responding to antigen presented in the context of a pathogen versus that of a graft. We speculate that antigen persistence may be playing a role in the difference in T cell responses. In the context of an infection with Listeria monocytogenes, antigen persists for approximately five days. Conversely, in the setting of an allograft, antigen is continuously being expressed and presented until full rejection, potentially cooperating with rapamycin to exhaust or attenuate graft-specific T cell responses. The mechanism underlying this phenomenon remains to be determined, and is a critically important issue for the field of transplantation.
Taken together, the implications of these results are far-reaching. First, donor-reactive memory T cells have been shown to pose a potent barrier to graft survival following transplantation, as evidenced by basic studies in mouse models and the fact that clinical studies revealed a correlation between pre-transplant frequency of donor-reactive memory T cells and incidence of acute rejection within the first year (17, 18) . These memory T cells can arise in unsensitized individuals due to molecular mimicry between pathogen-derived and alloantigens via prior infections or exposure to environmental antigens (19) . Molecular mimicry between pathogen-and allo-antigens is now known to be more common than previously appreciated: recent evidence indicated that 45% of virus-specific memory T cell clones obtained from normal healthy humans possessed cross-reactivity with an alloantigen (20) . It would appear from this study that in the presence of rapamycin, presentation of cognate or cross-reactive antigen delivered either by a graft or a pathogen to the same T cell could evoke markedly different responses. Further studies to determine the effect of rapamycin on pathogen-elicted allo-crossreactive CD8 + T cell responses are therefore required.
In addition, the finding that rapamycin enhances the antigen-specific CD8 + T cell response to pathogens suggests that treatment of transplant recipients with rapamycin monotherapy may increase immunity to viruses or vaccines (9) . However, the ability of rapamycin to augment pathogen-specific CD8 + T cell responses in the context of other immunosuppressive agents is completely unknown. Currently, the standard of care in most instances is to reduce the intensity of immunosuppression if patients experience infectious complications. As such, further studies are required to inform and direct clinical use of rapamycin as an adjunct therapy for boosting protective immunity to both live infections as well as vaccines in transplant recipients.
Another fork in the road: mTOR inhibition inhibits T h cell differentiation
The studies discussed above demonstrated that inhibition of mTOR through rapamycin results in an increase in the magnitude and functionality of CD8 + pathogen-specific memory T cell responses. Conversely, studies on CD4 + pathogen-specific T cells failed to demonstrate an enhancement in the function and magnitude of the response. Specifically, Delgoffe and colleagues used a cre-lox system to ablate the mTOR gene in T cells only (21) . Their work demonstrated that in response to an acute viral infection, CD4 + T cells deficient in mTOR failed to express the T h transcription factors T-bet, GATA3, and RORγt, and therefore failed to polarize into Th1, Th2, and Th17 subsets following activation, despite overall normal activation (i.e. expression of activation markers and IL-2 production) (21) (Figure 2) . The authors attributed this to an attenuation of STAT-mediated signaling downstream of the respective cytokine receptors required for T h polarization. Thus, inhibition of mTOR may have disparate effects on CD4 + versus CD8 + T cell populations, enhancing antigen-specific CD8 + populations while inhibiting differentiation of CD4 + T cells. Again, the precise mechanisms underlying this dichotomy remain unknown.
Rapamycin and regulation: An important facet of its immunosuppressive effects
Another intriguing aspect of rapamycin is that it has consistently been found to augment rather than suppress T reg generation, functionality, and survival (2) (Figure 2) . For example, studies have shown that T regs cultured in vitro with rapamycin exhibited increased levels of expansion as compared to untreated controls (22) .
Although prolonged rapamycin treatment has been associated with reduced peripheral T cell numbers due to impaired thymic output, this effect seems to be reversed in the T reg compartment (23) . Specifically, rapamycin has been shown to increase the proportion of FoxP3-expressing CD4 + T cells among recent thymic emigrants. This effect is compounded by the fact that rapamycin promotes survival of natural T regs while increasing the upregulation of FoxP3 in conventional T cells and enhancing T reg function (24) . One purported mechanism underlying this effect is the fact that mTOR inhibition can result in reduced Akt phosphorylation and hence increased Smad3 activity, which has been shown to lead to an increase in FoxP3 expression (25) .
Effects on antigen presenting cells: immunosuppressive and immunostimulatory
Consistent with its effects on T cell differentiation, rapamycin may also impart paradoxical effects on dendritic cell differentiation and maturation. For a number of years, mTOR inhibition in DCs has been associated with inhibited activation and upregulation of costimulatory molecules on the DC cell surface, and reduced IL-12 and TNF secretion after exposure to IL-4 in in vivo and in vitro models (26) . Furthermore, the effects of mTOR inhibition in plasmacytoid DCs, which are typically associated with the host response to viral infections, resulted in reduced secretion of type I IFNs by these antigen presenting cells (27) .
In contrast to these well-appreciated inhibitory effects of rapamycin on DC differentiation and maturation, recent studies have demonstrated paradoxical effects of rapamycin on macrophages and myeloid DC (28) . Specifically, mTOR inhibition with rapamycin led to both enhanced production of IL-12 and reduced production of IL-10 in macrophages and myeloid DCs following TLR or bacterial stimulation. Furthermore, rapamycin was shown to increase autophagy by antigen presenting cells, leading to enhanced antigen presentation of M. tuberculosis. This increase in autophagy in the presence of rapamycin promoted increased T h 1 type responses and protected mice from a lethal bacterial challenge (29) .
Thus, rapamycin appears have the capacity to exert immunosuppressive or immunostimulatory effects on DC populations; again, the conditions and parameters modifying this impact remain unknown.
Rapamycin as a fountain of youth: impact on longevity and survival
In perhaps the most surprising development in rapamycin biology is the unanticipated role it plays in increasing longevity and decreasing incidence of death from all causes. While experience in clinical transplantation has demonstrated an association of rapamycin with hyperlipidemia, thrombocytopenia, and impaired wound healing (6), inactivation of mTOR had previously been shown to increase lifespan in invertebrates including yeast, nematodes, and fruit flies. Recently, a study assessed the impact of administration of oral rapamycin on lifespan in both male and female mice of different strains and at different test sites across the country. Although the study targeted a much higher level of rapamycin in the blood than currently used in transplantation (60-70 ng/mL vs. 8-12 ng/mL, respectively), results demonstrated that whether initiated at either middle or old age (270 and 600 days, respectively), rapamycin increased the median and maximum lifespan in both genders (30) . Distribution of disease phenotypes was not different between the groups. The authors speculated that mTOR inhibition may increase survival by postponing deaths from cancer or by mimicking the anti-aging effects of caloric restriction. Furthermore, the immunostimulatory effects of rapamycin on pathogen-specific CD8 + T cell responses, discussed above, would certainly suggest that treatment with rapamycin might decrease or delay death from infectious etiologies (9, 10) .
Conclusion
Despite the large number of mechanistic and clinical studies investigating the impact of rapamycin on cell-mediated immunity, several unresolved questions concerning rapamycin immunobiology in transplantation and protective immunity remain (Table I ). It is clear that further research into the cellular and molecular pathways underlying these apparent paradoxes is required to resolve these issues. For example, rigorous analysis of the conditions under which rapamycin may augment versus dampen antigen-specific T cell responses may allow us to harness these properties to selectively modulate both graft-and pathogen-specific immune responses in order to minimize infectious morbidities and maximize patient health following transplantation.
GATA3

GATA binding protein 3
RORγt
RAR-related orphan receptor γt
FoxP3 forkhead box P3
Figure 1. Differential effects of rapamycin therapy on antigen-specific CD8 + T cell responses following infection or transplantation
A) PI3K activity results in Akt phosphorylation and subsequently mTOR complex 1 activation, which is blocked by the complex of rapamycin bound to FKBP12. B) In blocking the mTOR pathway in a transplantation model, rapamycin minimally impacts expansion of donor-reactive CD8 + T cells, while attenuating differentiation of these cells into CD62Lexpressing central memory-like cells. In contrast, mTOR blockade with rapamycin leads to enhanced activation and expansion of antigen-specific CD8 + T cells during the course of an infection, while promoting the development of CD62L hi CD8 + central memory-like cells.
Figure 2. Reduced signaling through the mTOR complex alters differentiation of CD4 + T cell responses
The lack of signaling through mTOR in antigen-specific CD4 + T cells leads to reduced polarization into either T h 1, T h 2, or T h 17 T cells. In contrast, mTOR inhibition by rapamycin leads to enhanced development of regulatory T cells.
